Blast Furnace (BF) Gas Top pressure Recovery Turbine (TRT) unit is the most popular energy-saving equipment in iron making process. It is desired to control top pressure of BF precisely and reliably after installing TRT. The dynamic mathematical model of top pressure with TRT is the key point of controller design. However, it is difficult to establish the dynamic mathematical model of TRT from first principles. In this paper, the dynamic mathematical model of No. 1 TRT in Hangzhou Iron & Steel Group Company is first estimated by subspace identification method. For safety reasons, we adopt closed-loop identification method. Then a model predictive controller is proposed based on the identified model. Results show that the identified model can capture the dynamic properties of top pressure process accurately. Moreover, the model predictive controller gives excellent performance.
Introduction
Iron and steel making industry is one of the most energyintensive industries in the world. 1) Iron making process consumes about 70% of the total energy in this industry. The energy consumption of iron making process is comprised of 39% for blast furnace, 11.9% for coking, 3.51% for balling, 5.55% for sintering, 12.5% for power, 7.77% for rolling steel, 17.5% for electric furnace, and 2.22% for converter furnace.
2) These statistical data show that blast furnace is the highest energy consumption unit in the industry. On the other hand, there is the greatest opportunity for energy saving in blast furnace.
During iron smelting process, blast furnace gas (BFG) with high pressure and temperature is produced in blast furnace. In conventional practice, the energy of BFG was wasted by pressure reduction at septum valves. Equipping TRT unit is the best way to recover the pressure and thermal energies of BFG. A top pressure recovery turbine is installed in the downstream of gas-cleaning equipment for a blast furnace. The work generated by the turbine is transferred to the generator and converted to electric power. A TRT unit could recover about 20% of electricity attached to the BF including air blowers. The experts point out that the blast furnaces of capacity greater than 1 000 m 3 should be equipped with TRT. 3) In china, the blast furnaces larger than 2 000 m 3 were equipped with TRT units at the end of 2007.
The top pressure is controlled by opening or closing the 1st stage stator blades of the turbine in TRT. The stability of top pressure is of key importance. The small fluctuation of top pressure is advantageous to the operation of BF. Top pressure involves not only safety of iron making process but also reduction of raw materials. However, to our knowledge, there have been no literatures focusing on modeling and high-precision control of top pressure process in TRT. The dynamic mathematical model of top pressure process in TRT is too difficult to set up from first principles. Subspace identification method (SIM) has been widely accepted for the identification of linear systems due to its numerical computation advantages and applicability to MIMO systems in process control society. 4) Compared to the prediction error method (PEM), 5) subspace identification uses numerically robust algorithms such as SVD decomposition. SIM does not need nonlinear optimization. Hence, they are computationally faster than PEMs. The model is parameterized by the full state space model in SIM, and the model order is decided upon in the identification procedure. The parameterization problem may occur in PEM. Moreover, the state space model is more available in model predictive controller design. In practice, it is desirable that identification experiments are carried out under the closed-loop for safety reasons or quality restrictions. Several new SIMs are developed for closed-loop identification since the traditional SIMs (e.g., CVA, N4SID and MOESP) are biased. Among these closed-loop identification, Chiuso 6) proposed a closed-loop subspace identification method called PBSID_OPT (Optimized Predictor Based Subspace IDentification). Chiuso 7) proved the excellent performance of PBSID_OPT compared with several SIM algorithms in closed-loop conditions. It is shown that PBSID_OPT could derive similar performance to PEM in simulations. 8, 9) In this paper, we adopt PBSID_OPT method to build the dynamic mathematical © 2012 ISIJ model of No.1 TRT in Hangzhou Iron & Steel Group Company under closed loop. A model predictive controller is implemented by using this identified model. Section 2 is devoted to illustrating top pressure process in TRT. In Section 3, PBSID-OPT method is briefly described. The model predictive controller design is included and experimental results are demonstrated in Section 4. Section 5 states our conclusions.
Process Descriptions
There are two types of turbines: radial and axial turbines. Currently, axial turbines are widely used in TRT because they are more appropriate for dealing with a large flow volume. A dry gas clean-up system raises the turbine inlet temperature compared to the wet type, increasing the power recovery by about 25-30%. 10) In this paper, we will focus on the dry type TRT unit with axial turbine.
The schematic flow diagram of this process is shown in Fig. 1 . After dust is collected by gas-cleaning equipment, clean BFG is led to the turbine through an inlet butterfly valve and an inlet goggle valve. Normally closed bypass valves and normally open emergency shutoff valve are used for emergency case. The mechanical work generated by turbine is transferred to a generator for electric power. BFG with low pressure and temperature enters into gas line through the outlet goggle valve.
The operation of TRT can be divided into two phases: start-up phase and normal running phase. In the start-up phase, all preparations such as hydraulic sub-system must be checked. Then a signal for starting TRT is sent to BF operator. If BF operator agrees the request, the inlet butterfly valve and emergency shutoff valve will be opened. The speed of turbine is controlled by the inlet butterfly valve and top gas pressure is controlled by the septum valves. Until the turbine reaches the required rotate speed, the septum valves are closed slowly. Then the start-up phase turns into the normal running phase. In the normal running phase, top gas pressure is fully regulated by the 1st stage stator blades of the turbine. The top pressure is controlled by opening or closing the 1st stage stator blades of the turbine. We will focus on the top pressure control system in this paper.
The dynamic mathematical model of TRT in normal running phase is considered in this paper. Here, we consider the opening of 1st stage stator blades of the turbine as the input variable and top pressure as the output variable. The sampled data are acquired under closed loop. The model identified under closed loop can obtain better performance in control design scheme.
Closed-loop Subspace Identification Method
In the following section, the PBSID_OPT algorithm is briefly illustrated. A stochastic linear system can be written in the following innovation form, (6) From (6), we can obtain the following row-wise equation by exploiting the structure of
... (7) where and .
If we estimate from (7) using least square method, can be constructed from . Then we obtain, where X(k) and Z p (k) are block-Hankel versions of x(k) and Z p (k). 5) In order to estimate X(k), we perform SVD decomposition on and choose the order n from the singular values plots. Since X(k) is derived, the system matrices A,B,C,D,K are estimated by least square algorithm. 4, 6) 
Experiment Results
The No.1 blast furnace at Hangzhou Iron & Steel Group Company has a volume of 1 250 m 3 . The TRT unit of No. 1 blast furnace is a dry-type top pressure recovery turbine plant. The output power of TRT is in range from 5 625 kW to 6 100 kW.
We performed an identification experiment for the TRT under closed loop. The data were collected from the experiment with 1 second sample period. In order to include different working conditions of blast furnace such as tapping and charging, the data were collected for 2 hours. Hence, 7 200 data were obtained. The first 3 600 data are used for estimation and the left 3 600 data for validation. The sampled data are displayed in Fig. 2 .
Choose p=8 and f=8 in (5), Fig. 3 shows the singular value of SVD decomposition in (8) .
From Fig. 3 , it is obvious that the best choice of system order is 3. Then we obtain the following system matrices by Figures 4(a) and 4(b) show the predicted output and the real output using estimation and validation data. It is clear that the model predicts well in output. Figures 4(c) and 4(d) show the errors between the predicted output and the real output. As these figures shown, the identified model has enough accuracy to describe the dynamic characteristics of top pressure process.
As an evaluation of the identified model, we use the coefficient of determination comparing with the classic PEM, where N is the number of data points. y(k), and are the measured output, predicted output and the mean of the output for the kth output variables, respectively.
The coefficients of determination on the estimation and validation data are shown in Table 1 .
From Table 1 , the identified model by PBSID_OPT has the similar performance to PEM model. And the coefficients of determination are over 95%. We can consider that the identified model by PBSID_OPT is suitable for controller design.
A model predictive controller based on the identified model is proposed. 11) For the opening of 1st stage stator blades, the upper limit is 100% and the lower limit is 0%. We consider two scenarios: (1) Set point is 167 kPa all the time. 
Conclusions
In this paper, we use a closed-loop subspace identification method (PBSID_OPT) 
